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Abstract 
The present paper explores the impact of laser cladding parameters on the corrosion behaviour of the resulting surface. Powders 
of Inconel 625 and austenitic Metco 41C steel were deposited on steel substrate. It was confirmed that the level of dilution has 
profound impact on the corrosion resistance and that dilution has to be minimized. However, the chemical composition of the 
cladding is altered even in the course of the cladding process, a fact which is related to the increase in the substrate temperature. 
The cladding process was optimized to achieve maximum corrosion resistance. The results were verified and validated using 
microscopic observation, chemical analysis and corrosion testing.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The surface can be thought of as the most important part of every engineering component. Unlike the rest of the 
component’s volume, the surface is exposed to wear and becomes the place where most cracks form and corrosion 
initiates. The surface’s particular properties are dictated by its non-symmetric bonds. Whereas the neighborhood of 
atoms within the material and their bonds with neighboring atoms are symmetric, the atoms on the surface are only 
bonded with the interior of the body. In terms of surface-altering techniques, perhaps the greatest rival of the laser 
cladding process is the high-velocity oxyfuel spraying process (HVOF) (Jonnalagadda et al., 2012, Nielsen et al., 
2013). Fundamental differences between these processes arise from their different principles. Laser claddings are 
metallurgically bonded to the substrate. It means that some mixing of the substrate with the cladding material 
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occurs. This provides high adhesion of the cladding layer. Coatings deposited by the HVOF process do not undergo 
such dilution and are only bonded through limited diffusion between the materials. The advantage of HVOF is that it 
produces coatings with compressive stress, unlike other thermally sprayed coating processes. Plasma transfer arc is 
one of the most frequently used weld cladding processes (Jonnalagadda et al., 2012). Its relatively large power 
density, however, alters the substrate surface to the depth of several millimeters. In laser cladding, the energy of the 
laser beam continues to have effect even at the moment the molten powder adheres to the substrate. The resulting 
layers are therefore dense with practically zero porosity. By contrast, HVOF coatings show high porosity and fail to 
provide corrosion protection (Rakhes 2013), therefore should be remelted (VostĜák et al., 2013). Once the molten 
powder impinges on the surface, no additional energy is supplied or available to facilitate perfect bonding of the 
molten particles and the substrate. Subsequent remelting is often used to remove the pores, making the process more 
time-consuming and costly.  
Over the last four years, the price of laser cladding services dropped to half and the process is becoming ever 
more widespread in industry. Dilution in the laser cladding layer increases with the melt pool temperature (Sun et 
al., 2004). Related to this are changes in the structure of the cladding (Hemmati et al., 2012), hardness of the layer, 
(Habedank et al., 2003; Sun et al., 2012), wear-resistance (Guojian et al., 2006), and corrosion resistance (Mahmood 
et al., 2011). The laser output power is considered to be the main factor controlling the dilution (Virose and 
Kobayashi, 1995). The amount of dilution, in turn, is the key to achieving corrosion resistance.  
2. Experiments 
2.1. Materials 
The substrate used in the current study was S355 steel sheet with a thickness of 20 mm and the deposit area of 
200×200 mm, trajectory of the laser spot over the surface had a meander shape (see Fig.2). Surface was covered by 
one layer with track thickness 5 mm and overlap 2 mm between tracks. The cladding materials were powders 
commonly used in corrosive environments: Inconel 625 and the austenitic steel Metco 41C. The chemical 
compositions reported by the manufacturers are shown in Table 1.  
Table 1. Chemical compositions. 
[wt. %] C Cr Mn Ni Fe Mo Si 
S355 steel 0.17 - 1.6 - - - 0.55 
Steel 316L 0.03 16.9 1.8 12.1 balance 2.62 0.54 
Inconel 625  0.03 21.5 - balance 0.75 9 0.4 
Metco 41C 0.03 17 - 12 balance 2.5 2.3 
 
The reference material for evaluating the corrosion resistance of the claddings was 316L steel, plain and hard 
chromed. The test was carried out in a salt spray test chamber in accordance with the ýSN EN ISO 10289 standard. 
The size of the coupons from parts with laser claddings was 100×150×6 mm (as requirements of the salt chamber). 
They were cutted out from cladded (position marked on Fig.2) samples and milled, surface was grinded. The 
specimens were exposed to salt fog at 35 °C for 48 hours. The corrosion resistance of the claddings was evaluated 
using a visual procedure according to the ýSN EN ISO 10289 standard and by means of metallographic observation 
(light microscope, SEM) and GDOES spectroscopy. 
EDS microanalysis was performed in Philips ESEM 50 scanning electron microscope using an area of 
approx.1×1 mm on the specimen cross section just below the surface. Macrostructure and microstructure 
observation was completed at LaserARC laboratories using Nikon microscope and the image analysis tool 
Laboratory Imaging from NIS Elements (www.lim.cz).  
The main aspect explored was the level of dilution of the cladding powder and the substrate. Geometrical 
dilution is defined as the ratio of the height of the cladding surface above the original substrate surface and the total 
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height of the cladding (remelted substrate + cladding above the surface). If there is no dilution, the dilution value is 
0 %. If the height increment is equal to the remelted surface depth, the dilution is equal to 50 %. This geometrical 
approach assumes an homogeneous distribution of elements over the clad cross-section. 
2.2. Processing Parameters 
The experiments were conducted using Laserline diode laser LDF 5500 series with a power output of 5.5 kW 
working on wavelength from 980 to 1070 nm equipped with the IWS COAX8 coaxial cladding head, mounted on 
conventional homogenizing optic head from Laserline with focal length 200 mm. Its spot is square-shaped with the 
size of 5×5 mm top-hat geometry of the density. COAX8 has annular gap powder nozzle with homogeneous powder 
distribution, a hollow conical focused powder stream is formed at the nozzle exit, which is directed at the work 
piece coaxially with the laser beam.  Fiber diameter is 0.6 mm and length 10 meters, input beam quality is 
40 mm·mrad. In the first experimental run, claddings with a high dilution of 50 % were deposited. The materials 
were Inconel 625 (cladding denoted as In1) and the Metco 41C austenitic steel (denoted as M1). The parameters are 
listed in Table 2. Main parameters were monitored surfacing - the speed, laser beam power of amount of powder, 
other parameters were kept constant. Based on this, combined process parameters were calculated to construct 
process maps (Oliveira 2007). Once the cladding parameters had been refined, final specimens In2 and M2 with 
minimum dilution levels no more than 5 % were prepared.  
Table 2. Specimen marking and parameters used. 
 Marking Power output P 
[W] 
Speed [m/min] Powder [cm3/s] 
Inconel 625 In1 3200 0.5 5.6 
Inconel 625 In2 3500 0.5 7 
Metco 41C M1 3200 0.5 5.6 
Metco 41C M2 3500 0.5 7 
3. Results and Discussion 
Macrographs of transverse sections reveal greater dilution levels in specimens In1 and M1 of the first series, 
Fig. 1. The beam velocity of 0.5 m/min and power outputs of 3.2 or 3.5 kW were used in all cases. The dilution level 
was therefore governed by the amount of powder applied. Specimens with higher dilution levels (In1 and M1) had 
thinner layers and less powder applied. More laser beam energy was therefore absorbed by the substrate than in the 
second series of specimens.  
 
 In1                                                                                  In2 
 M1                                                                                   M2 
Fig. 1. Macrographs of transverse sections (different magnification, light microscopy) through specimens with high (left) and optimized (right) 
dilution levels. 
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Table 3. Chemical composition of the surface. 
 C Cr Ni Mo Fe 
I1 0.07 9.87 36.67 3.65 46.51 
I2 - 21.10 63.4 9.59 1.36 
M1 0.07 11.97 8.19 1.46 73.89 
M2 - 15.72 10.73 2.47 68.7 
 
 
Owing to the high dilution level, the iron content in the In1 nickel specimen was about 46 %, although the 
powder itself only contains 0.75 % Fe. In the specimens with minimum dilution (In2), the iron content increased 
only slightly: to 1.36 %, as indicated in Table 3. At higher dilution levels, the M1 specimen became enriched in iron 
too. This was at the expense of other alloying elements, the levels of which decreased. When the cladding process 
starts, the substrate is cold and the absorbed laser beam energy is divided between the powder and the substrate. As 
a result, the initial dilution level is smaller than in later passes. This is evidenced by the lower contents of some 
elements, notably iron, as shown in Table 4. Results in Table 4 are the first five tracks on sample In2, as 
documented visually in Figure 1 (upper right). Track number 1 is the first line from the start (the minimum height), 
other ones are following in meander (height increase) as cladding continued. The largest dilution level is found in 
the center of the plate, which is probably related to the accumulation of heat and lower cooling rates than in the 
corners of the plate. With increasing cladding time, the specimen heats up and despite the constant initial 
parameters, higher dilution levels are achieved. The consequence is an increase in the dilution level and a loss of 
corrosion resistance in both materials, as evidenced by Figure 2 showing the specimens upon removal from the 
corrosion testing chamber. On the left side of the plate with the cladding (marked with the word “start”), the 
corrosion traces are minimal, whereas in the parts where the cladding process finished (marked as “end”), the 
corrosion attack was extensive. On closer examination, the solid solution of the nickel alloy contains martensite 
areas rich in iron, as shown in Fig. 3. Corrosion initiates between the tracks in the overlap zones where the most iron 
from the substrate is absorbed (Fig. 2). Microstructure observation confirmed that the nickel layer (with austenite-
type lattice) contains iron-rich martensite areas, Fig. 3, left. Chemical etching used in optical metallography brings 
up chemical heterogeneity. The overlap zone between adjacent tracks with high dilution level in In1 specimen 
shows clear signs of dilution of the cladding and the substrate, which affects the dendritic structure of the layer, Fig. 
3, right.  
Table 4. Iron content (wt. %) in consecutive tracks in Inconel 625 (In2 specimen with good corrosion resistance) 
measured by EDS microanalysis. 
Track No. 1 2 3 4 5 
Cladding start 1.36 1.21 1.4 1.39 - 
Plate center 1.24 1.59 1.86 1.85 1.85 
Cladding end 1.4 1.35 1.28 - - 
  
 
The above-described dilution levels are confirmed by hardness profiles on transverse sections through the 
cladding, e.g. in the M1 cladding shown in Fig. 4. Positive values on the X axis represent the height of the cladding, 
whereas the negative ones denote points below the original surface level; in the heat-affected zone (HAZ). The left 
side of Figure 4 therefore represents HAZ. Higher hardness values on the right side are found at points in the 
cladding. Lower hardness values in HAZ at the end of the cladding process (end-corrosion) in contrast to the start of 
cladding (start-no corrosion) and the plate center are clear to see. At an early stage of the cladding process, HAZ has 
higher hardness by approx. 70 HV, which is due to faster heat dissipation in the cold substrate. On the starting side 
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and at the end of the plate, the hardness levels of the cladding are approximately equal, about 400 HV. The 
differences are in part due to chemical heterogeneity. 
 
Fig. 2. M1 and In1 coupon upon testing in salt spray test chamber. 
Scheme how cladded sample 200x200mm (light gray) was 
cutted out; dark gray – coupon for corrosion tests and smaller for 
metallographic examination from the beginning of cladding. 
By contrast, the cladding hardness in the plate center is approx. 70 HV less, as the heat from this part of the 
cladding dissipates the slowest, since this area is surrounded by the rest of the cladding. For I1 sample (Fig. 5) the 
hardness of the layer is the same about 170HV at the beginning and at the end of the cladding. The main differences 
in hardness are on the interface between layer and substrate. During cladding temperature of the substrate increased 
from room temperature to 180°C (thanks to limited size of the samples), which was reflected in the decrease of 
corrosion resistance and decrease in hardness in the HAZ. Therefore temperature during cladding should be 
controlled every time.  
 
 
  
Fig. 3. Micrograph of the martensite area in the In1 nickel layer and chemical heterogeneity in the microstructure (electron and light 
micrographs). 
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Fig. 4. Transverse section microhardness of sample M1 on the starting side, in the centre of the plate and in the location where the cladding 
ended. 
 
 
Fig. 5. Transverse section microhardness of sample I1 on the starting side, in the centre of the plate and in the location where the cladding 
ended. 
 
 
At present, corrosion testing in a salt spray test chamber is taking place. Although the results and the corrosion 
losses are not quantified, it was already clear that not even several-day exposure would cause any corrosion. The 
specimens from the second series with optimized cladding parameters are resistant to environmental effects. In 
addition, potentiometric analysis of corrosion resistance is underway and the data is to be compared to the results for 
the first series of specimens and the values for the plain and hard chromed 316L stainless steel. These results will be 
included in the presentation at the LANE 2014 conference.  
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4. Conclusions 
In the present study, parameters for cladding deposition of corrosion-resistant layers of the austenitic Metco 41C 
steel and the Inconel 625 nickel alloy were found and optimized. Corrosion testing of the products demonstrated 
adequate corrosion resistance at a level comparable with wrought materials. The condition for achieving such results 
is the dilution level below 5 %. Above this limit value, the cladding becomes enriched in iron from the base material 
and tends to corrode. The temperature of the substrate plays a role as well. With relatively small specimens, each 
bead is deposited onto hotter substrate surface than the earlier one. As a result, the cladding geometry as well as the 
iron content varies in several initial tracks. After certain time (approximately 5 beads) the entire process, as well as 
the iron level become stable. Hardness in HAZ will depend on the instant temperature of the workpiece. Therefore, 
the specific conditions of the particular application, such as the part’s wall thickness and size play a great role.   
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